Abstract The skin acts mainly as a protective barrier from the external environment, thanks to the stratum corneum which is the outermost layer of the skin. As in vitro tests on skin are essential to elaborate new drugs, the development of skin models closer to reality becomes essential. It is now possible to produce in vitro human skin substitutes through tissue engineering by using the self-assembly method developed by the Laboratoire d'Organogénèse Expérimentale. In the present work, infrared microspectroscopy imaging analyses were performed to get in-depth morpho-spectral characterization of the three characteristic layers of human skin substitutes and normal human skin, namely the stratum corneum, living epidermis, and dermis. An infrared spectral analysis of the skin is a powerful tool to gain information on the order and conformation of the lipid chains and the secondary structure of proteins. On one hand, the symmetric stretching mode of the lipid methylene groups (2,850 cm −1 ) is sensitive to the acyl chain conformational order. The evolution profile of the frequency of this vibrational mode throughout the epidermis suggests that lipids in the stratum corneum are more ordered than those in the living epidermis. On the other hand, the frequencies of the infrared components underneath the envelop of the amide I band provide information about the overall protein conformation. The analysis of this mode establishes that the proteins essentially adopt an α-helix conformation in the epidermis, probably associated with the presence of keratin, while modifications of the protein content are observed in the dermis (extracellular matrix made of collagen). Finally, the lipid organization, as well as the protein composition in the different layers, is similar for human skin substitutes and normal human skin, confirming that the substitutes reproduce essential features of real skin and are appropriate biomimetics.
Introduction
Research in the field of skin tissue engineering has been motivated by (1) the need of skin tissue for burned and chronically wounded people (lack of cadaver skin to protect burned people, plaster for diabetic people), (2) the wish to understand the physiology of healthy and pathological skins (skin aging, chronic dermatosis), and (3) the need of new models in pharmaceutical research to avoid tests on human, animal, or artificial membranes [1] . In this latter case, the elaboration of new drug formulations requires both in vitro and in vivo tests. The clinical trials represent the longest step in the conception of new drug formulations. Moreover, new regulations, especially in Europe, ban tests on animals. Until now, the European regulation that is in force specifies that experiments and safety tests on animals have to be progressively replaced by alternative methods as soon as they exist and are scientifically acceptable [2] . However, the European Parliament voted in 2009 a new legislation, which will be effective in July 2013, which specifies that animal testing must be replaced by alternative methods. Moreover, this regulation also applies to all products to be distributed throughout the European market and has therefore consequences for the pharmaceutical industry all over the world [3] . In this context, the development of new skin models closer to reality becomes essential.
Skin consists of three principal layers which are the hypodermis, dermis, and epidermis [4] . With the recent advances in tissue engineering, it is now possible to produce 3D human skin substitutes, consisting of a dermis and an epidermis. In several cases, a scaffold is needed during the production of substitutes to obtain a dermal equivalent on which keratinocytes are seeded to get an epidermis. In such a tissue engineering strategy, the scaffold mimics the properties of the extracellular matrix and can be of artificial (e.g., made of polymer) or natural (made of collagen) origin [1] . Some of these skin substitutes are already commercialized [5] .
In this study, a self-assembly method developed by the Laboratoire d'Organogénèse Expérimentale (LOEX) has been used to produce human skin substitutes [5] [6] [7] [8] . This skin production protocol does not necessitate any scaffold or exogenous material. In fact, under these special culture conditions, cells produce their own extracellular matrix. By using this method, it is possible to produce either healthy or pathologic human skin substitutes, depending on the cell type used during the skin substitute production. For instance, this self-assembly procedure was previously used to produce psoriatic skin substitutes [9, 10] .
The skin acts mainly as a protective barrier from the external environment, thanks to the stratum corneum (SC), which is the outermost layer of the skin. In fact, the SC has a particular "bricks and mortar" structure, where the cells are embedded in an extracellular matrix of lipids [11] . Lipids present in the SC are essentially fatty acids and ceramides which can be schematically represented by long hydrophobic chains and a hydrophilic head group, and cholesterol [12] [13] [14] . The molecular organization provided by the tightly packed bilayer lipid structure [12, 15] ensures an efficient barrier function [16] .
The substitutes produced using the self-assembly method have already been characterized by biological analyses like immunochemistry [17] . Preliminary experiments have shown differences in permeability between substitutes and normal human skin (NHS) [10] . These differences were postulated to be due to the lack of organization of the lipids in the bilayers of tissue-engineered skin substitutes. In addition, the surfaces of these substitutes have also been characterized using attenuated total reflectance infrared spectroscopy. Basically, this study demonstrated that the level of lipid order was lower in the substitute than in NHS [18] .
Infrared spectroscopy is a nondestructive technique used to get information at the molecular level of a material. No particular preparation of the sample is needed, and direct chemical and structural information can be obtained. IR microspectroscopy enables the in-depth characterization of the structural organization of the different layers of the skin, in terms of lipid organization and protein conformation [16, 19] . The infrared spectra of skin substitutes exhibit features due to the stretching vibrational modes of methyl and methylene groups in lipid acyl chains. The symmetric stretching mode of the lipid methylene groups (2850 cm ) is sensitive to the acyl chain overall order. Moreover, the frequencies of the infrared components underneath the envelop of the amide I band provide information about the overall protein secondary structure [20] . In addition, the advent of multichannel detectors with individual detection unit size at the micrometer scale coupled with modern computers, data acquisition, and treatment capabilities has led to phenomenal advances in the field of infrared imaging. For instance, this enables to simultaneously record thousands of infrared spectra from the whole set of detector arrays, therefore allowing to get firsthand visual information on sample composition and its molecular organization.
IR imaging characterization has already been performed on pig and human skin [21] [22] [23] as well as on human skin models [24] [25] [26] . Accordingly, the present publication aims to use IR imaging to qualitatively characterize the human skin substitutes produced without any exogenous scaffold, using the self-assembly method, and to compare its composition and molecular conformation with those of NHS.
Materials and methods

Patients
Dermal fibroblasts and dermal keratinocytes have been extracted from biopsies taken from breast reduction surgery. The subjects were females aged of 18 and 38 years. This study was conducted in agreement with the Helsinki Declaration and performed under the guidelines of the research ethics committee of the Centre Hospitalier penicillin (Sigma), and 25 μg mL −1 gentamicin (Schering).
Production of human skin substitutes
Human skin substitutes have been produced using the selfassembly method developed at the LOEX. Human dermal fibroblasts have been seeded in flasks and cultured with ascorbic acid at a concentration of 50 mg mL −1 . Ascorbic acid has been added to the culture medium in order to enable the fibroblasts to produce their own extracellular matrix. After 28 days of culture, two manipulable dermal fibroblast sheets have been superimposed to form a reconstructed dermis. These dermal substitutes were then incubated to insure the cohesion of the two sheets. After 7 days of incubation, the reconstructive dermis have been seeded with human epidermal keratinocytes. After 7 days of culture immersion in DME-HAM with ascorbic acid, the substitutes were brought to the air-liquid interface in order to allow the epidermis to differentiate. Differentiation was stopped after 21 days of culture at the air-liquid interface. Biopsies of the substitutes were then embedded in optimum cutting temperature compound (OCT, Tissue-Tek* O.C.T. Compound, Sakura* Finetek) and frozen for further analyses.
Histological analyses
Biopsies of the substitutes were also fixed with Histochoice's solution and embedded in paraffin. Five-micrometer-thick sections were cut and stained using Masson's trichrome. The staining allowed distinguishing the different layers of the human skin substitutes (SC, living epidermis (LE), and dermis).
IR microspectroscopy analyses
Ten-micrometer-thick cryosections of the substitutes were placed on reflective-coated microscope slides (Low-e MirrIR, Kevley Technologies, Chesterland, OH) for spectroscopic analyses. IR microscopy images were recorded with an Agilent 620 IR microscope equipped with a liquid nitrogen-cooled 32× 32 focal plane array detector and a motorized stage. Each of these 1024 detector elements measured 5.5 μm×5.5 μm, which therefore corresponds to the pixel size in the infrared images. This microscope assembly was attached to an Agilent 660 spectrometer. IR microscopy images were recorded by stacking 4×2 individual 1024-pixel images, recorded thanks to the displacement of the microscope motorized stage. All images were acquired in reflectance mode with each spectrum originating from a detector element being recorded at a 4-cm −1 spectral resolution on a 4000 to 1000 cm −1 spectral range. For each detector element, 128 interferograms were typically coadded, Fourier transformed, and ratioed over background recorded from a blank region of the slide. All images were computed using Resolutions Pro software (version 5.2.0.846) while spectra were analyzed using Grams 9.1 (Thermo Fisher, Waltham, MA). For a given cell line, one section of three independently grown substitutes was analyzed. Despite the inherent variability generally observed in the molecular structure and composition of healthy human skin substitutes, our data demonstrated that the trends in the IR spectra were similar throughout all investigated samples in terms of peak occurrence and position. Consequently, the results of only one representative healthy human skin substitute are presented, in order to simplify the presentation of the results. Accordingly, the depicted spectra originated from the healthy human skin substitute produced using cells taken from a biopsy of a 38-year-old female (F38). Of note, all spectra are presented without any normalization procedure to highlight the relative proportion of lipids and proteins in the different skin layers. The region of the spectra between 3150, and 2750 cm −1 was baseline corrected using a cubic function while a straight line was used to correct the low-frequency region (1800-1000 cm
) of the spectra.
Results and discussion
Macroscopic analyses Figure 1 presents the macroscopic view of the substitutes produced using the self-assembly method. The white ring is an anchorage used to manipulate the substitute during the production process. The full-thickness substitute (dermis+LE+SC) is mainly present in the middle of the ring (hole). The substitutes have a homogeneous and smooth surface. The white opalescent part confirms the presence of the SC.
Histological analyses
Masson's trichrome staining images of 5-μm-thick biopsies show the structure of the skin substitutes (Fig. 2a) . These histological analyses confirm that the self-assembly method allows to produce skin substitutes with a structure very similar to that of NHS. In fact, the characteristic skin layers are easily distinguishable. First, the dermis is clearly identified by the presence of collagen fibers, which appear in light blue, and by the nuclei of the fibroblasts that are stained in purple. Second, cytoplasms of cells in the LE display a red color. Finally, basophilic substances found in the SC appear in dark blue. Compared to NHS (Fig. 2b) , the SC of the tissue-engineered substitutes is definitely thicker due to the absence of desquamation in vitro.
Infrared microspectroscopy analyses Figure 3 displays a typical infrared spectra recorded from single detector elements (5.5 μm×5.5 μm) in the SC, the LE, and the dermis regions. Two spectral regions are of particular interest for characterizing lipid-and protein-containing materials. The region between 2750 and 3150 cm −1 , characteristic of the stretching vibrational modes from methyl and methylene groups, is mainly associated with lipid alkyl chains, although some protein spectral features also slightly contribute in this frequency range. Indeed, this spectral region is dominated by two strong bands near 2920 and 2850 cm −1 due to the lipid methylene asymmetric and symmetric stretching modes, respectively. Weaker bands due to the asymmetric and symmetric stretching modes of terminal methyl groups are observed near 2950 and 2870 cm −1 . In pure lipid dispersions, the gel-to-fluid (order-to-disorder) phase transition is accompanied by a simultaneous broadening and shift toward higher frequencies of the bands at 2,850 and 2920 cm −1 , indicating that these features can be exploited as intrinsic probes of the alkyl chain order. It seemed that, in skin substitutes, which display complex molecular composition, the shift of the 2850-cm −1 feature was less susceptible to spectral interferences from other components and therefore was deemed as more reliable for probing the lipid order in these biological samples.
The infrared absorptions at 1650 and 1550 cm −1 are referred to as the amide I and amide II features, respectively, and arise from vibrational modes of the amide bond of the protein backbone. The amide I component of the spectrum is mainly associated with the C=O stretching of the amide bond while the amide II feature results from the N-H bending and C-N stretching vibrations. The amide I band was shown to be sensitive to protein secondary structure [27] . In general, α-helical structures give rise to a main feature centered at 1650 cm −1 , while the component for β-sheets is observed at 1629 cm −1 . Other protein structures, such as the triple helix of collagen, have their own specific contribution to this infrared band. Of note, the amide III feature, located near 1200 cm −1 , has been rarely used for protein secondary structure characterization. However, the splitting of this band into a triplet has been assigned to the presence of collagen in biological samples [27] [28] [29] [30] [31] [32] [33] . In the present study, the protein conformation was examined using mainly the maximum of the amide I band, and this information was correlated with Fig. 1 Macroscopic view of a human skin substitute produced using the auto-assembly method (scale in centimeters) Fig. 2 Histological images of a human skin substitute produced using the auto-assembly method compared to b normal human skin (scale bar=100 μm) the protein composition of each substitute layer. This information was complemented by the observation of the amide III triplet to ascertain the presence of collagen in the different skin layers. The most striking difference between the spectra of the skin layers of the substitutes is the profile of the C-H stretching bands (3150-2750 cm −1 ); this region is highlighted in Fig. 4 . Figure 4a shows typical spectra in the 3150-2750-cm −1 region of skin substitutes. As can be seen in this figure, the spectrum recorded from the SC layer clearly exhibits sharp features assigned to stretching mode vibration of lipid acyl chains. This observation agrees well with the fact that this skin layer is essentially constituted of cells embedded in a lipid matrix. Comparison of this spectral region between skin substitute layers clearly evidences that the molecular composition changes from the SC to the dermis. The infrared bands, which exhibit a quite sharp lipid signature in the SC, become featureless in the LE and dermis, consistent with a higher protein content in these layers [20] . These spectroscopic data can be exploited to create an image of the lipid distribution across a section of a human skin substitute (Fig. 4c) . This image is generated by representing, on a color scale, the area of the 2850-cm −1 infrared peak, which mostly arises due to the presence of lipids. This image indicates that the lipids are essentially present in the SC. It also allows distinguishing the LE and the dermis, on the basis that some lipids are present in the LE whereas they are almost absent in the dermis. The overall molecular composition of the human skin substitutes is fairly well correlated with that of NHS for which infrared spectra in the 3150-2750-cm −1 region are depicted in Fig. 4d along with the infrared image generated from the area of the 2850-cm −1 feature of lipids. The changes of the band shape of the features in this spectral region for the different layers of NHS are similar to those observed for the skin substitute. As aforementioned, the desquamation process on NHS is easily observed in Fig. 4f as the high-lipidcontaining SC layer measures only about 20 μm while that of the substitute is about ten times thicker (Fig. 4c) . Despite the fact that the layers of the skin substitute display thicknesses significantly different to those of the NHS, the lipid-toprotein composition profile in these layers appears to display a very similar trend, with well-defined CH stretching bands in the lipid-rich SC and broad and weak components in the protein-rich dermis. The IR spectra allow the characterization of the lipid order throughout the skin sample. Figure 5b shows the infrared image of the skin substitute that was created from the frequency of the methylene symmetric stretching mode, at about 2850 cm −1 , representative of the conformational order to the lipid chains. This image reveals that the frequency of this mode is distinctly lower in the SC relative to the LE, indicating that the lipid acyl chains are fairly more ordered in the SC layer. This order gradient across the skin is summarized in Fig. 5c by plotting the variation of the frequency of the methylene symmetric stretching mode of spectra recorded across the skin section (represented by the black arrow in Fig. 5b ). As seen in this figure, the methylene stretching mode feature of the infrared spectra of lipids in the SC exhibits a mean frequency of 2849.5 cm −1 . For the sake of comparison, this corresponds to the frequency that is measured for this infrared peak in isolated SC from pig or human skin [34, 35] , as well as in skin equivalents [18, 35] or models of the SC lipid matrix [36] [37] [38] . While leaving the SC to enter the LE, the lipid acyl chains become less ordered as inferred by a frequency shift that reaches 2853 cm −1 at the junction between the LE and the dermis. Of course, this Fig. 3 From top to bottom, typical infrared spectra taken from the stratum corneum (red), living epidermis (green), and dermis (blue); the region from 2750 to 3150 cm −1 , mainly assigned to stretching modes of methylene and methyl groups of lipids and proteins, and the amide I, II and III bands of the proteins are highlighted. a Human skin substitute and b normal human skin measurement was impossible in the dermis due to the limited amount of lipids in this layer.
A very similar trend is observed for the NHS sample ( Fig. 5e and f) ; the symmetric CH stretching mode has a frequency of about 2850 cm −1 in the SC region, and this value increases in the living epidermis to about 2854 cm −1 .
These results are in agreement with previously published data on pig skin [22] . It should be emphasized that infrared spectroscopy does not allow to precisely identify the lipid molecular structure. However, lipids present in the LE and in the SC were previously demonstrated to be different. Indeed, in NHS, lipids in the LE are enzymatically modified at the junction with the SC [14, 39] . This lipid composition change from the LE to SC was shown to influence the lipid acyl chain order, which is more important in the SC than LE, as previously demonstrated by FTIR [38] . Moreover, the steps involved in lipid bilayer formation could also be at the origin of the lipid order profile observed from the SC to the LE. In fact, in the LE (stratum granulosum), lipids are organized as doublewall vesicles. These vesicles flatten in the LE and fuse to form lipid bilayers in the SC [12] . Consequently, such a mechanism leads to an increase of the lipid order in the SC with respect to the LE. Figure 6a shows the amide I, II, and III features of skin substitute in the SC, LE, and dermis layers. In the SC, the amide I envelop is rather narrow, and its maximum centered at 1650 cm −1 is characteristic of an α-helix protein secondary structure [33, 40, 41] . In addition, the 1400-cm −1 feature in this layer spectrum displays a higher intensity with respect to that observed in the spectra of LE and dermis [20] . This is in agreement with the fact that corneocytes from the SC contain a lot of keratin filaments with a very high proportion of α helices [20] . The protein structure in the LE is more difficult to ascertain. This skin layer is the seat of cell differentiation, and as a consequence of high metabolic activity, the frequency and bandwidth of the amide I band vary considerably throughout this skin layer. For this reason, it has not been possible to present a typical spectrum recorded from this layer. Generally speaking, the amide I feature remains quite symmetric, therefore pointing toward the presence of a rather organized keratin matrix. Although no clear evidence could be highlighted from IR spectroscopy, this observation may be correlated to the fact that keratinocytes are formed in the basal layer and migrate toward the SC concomitantly with their differentiation. During this process, keratinocytes gradually fill up with keratin, which likely gets more organized upon migration, therefore possibly leading to the so-called amide I feature behavior. On the opposite, SC, which consists of cells in a lipid matrix, and dermis, which is made of cells in a protein matrix, seem to be more homogeneous from a molecular organization point of view.
In the dermis, the amide I band is centered at 1660 cm
and displays a shoulder at 1640 cm −1 . Because this skin layer is known to mostly contain collagen, which is the main constituent of the extracellular matrix produced by the fibroblasts [4] , the assignment of the amide I band cannot be made in terms of classical protein secondary structures. In fact, the appearance of the 1660-cm −1 amide I feature with the 1640-cm −1 shoulder was previously associated with the presence of the triple helix of collagen [27, 31] . This is further supported by the presence of the amide III triplet [25, 41] and bands located at 1342, 1397, and 1454 cm −1
(CH 2 and CH 3 wagging and deformation, and CN stretching in collagen) [26-33, 40, 42] . For instance, the image generated from the intensity of the 1342-cm −1 feature of collagen (Fig. 6c) clearly evidences the predominance of this protein in the dermis layer. In addition, comparing the relative intensities of the infrared components assigned to carbohydrate residues in collagen (1000-1100 cm −1 ) [28, 31] with that of the amide III triplet indicates that type I collagen is the main protein constituent in this layer [27] . The amide I band in the spectra of the three layers of NHS displays trends very similar to those observed in the skin substitute (Fig.6d) . However, a slight difference is observed in the SC where the amide I band is significantly broader, probably due to the spectral contribution of water, suggesting a better hydration of this layer in NHS than in the substitute. Differences are also observed in the dermis when comparing the relative intensity of the bands due to collagen carbohydrate residues (1000-1100 cm −1 ) with that of the amide III triplet. In addition, Fig. 6f also clearly puts in evidence a less homogeneous collagen content in the dermis layer. Skin substitutes produced using the self-assembly method are indeed simplified models that contain only two types of cells (keratinocytes and fibroblasts), compared to the dermis of NHS. It is not surprising that such difference in the complexity level gives rise to differences in their IR spectra.
Conclusion
This publication presents for the first time an infrared microspectroscopy characterization of skin substitutes produced without any exogenous scaffold, using the selfassembly method. Infrared images of reconstructed skin allow characterizing the molecular organization of the main skin layers, namely the stratum corneum, living epidermis, and dermis. SC and dermis appear to be homogeneous layers, in agreement with histology data demonstrating that SC consists of cells filled with keratin embedded in a lipid matrix, whereas cells in the dermis are surrounded by a collagen matrix. LE seems to be a heterogeneous layer where cells are differentiating from the dermo-epidermal junction to the SC (final stage of differentiation). Accordingly, lipids in the SC are more organized than in the LE as shown by the variation of the frequency of the methylene stretching mode. This finding is consistent with the fact that the SC primary function is to act as a barrier. The analysis of the protein conformation throughout the skin substitutes using the amide I and/or amide III spectral features shows the presence of proteins with a high α-helix content (most likely keratin) in the SC, while type I collagen seems to be the major protein component of the dermis. Comparing the morpho-structural information between the human skin substitutes and the normal human skin indicates that very similar lipid organization, protein conformation, and protein composition exist throughout both types of samples. The analysis of the microspectroscopic IR images allows directly distinguishing the three layers of skin (SC, LE, and dermis), and this realization presents an advantage over histological analyses because the required staining for such analysis may destroy original structures of the material. Fig. 6 Superimposition of the region between 950 and 1800 cm −1 of the spectra recorded from the SC (red) and dermis (blue) (a skin substitute; d normal human skin); microscopic view (×15 objective) (b skin substitute; e normal human skin) and the corresponding infrared image generated from the intensity of the 1342-cm −1 feature of collagen (c skin substitute; f normal human skin)
